Site-specific recombinases are enzymes that promote precise rearrangements of DNA sequences. They do this by cutting and rejoining the DNA strands at specific positions within a pair of target sites recognized and bound by the recombinase. One group of these enzymes, the serine recombinases, initiates strand exchange by making double-strand breaks in the DNA of the two sites, in an intermediate built around a catalytic tetramer of recombinase subunits. However, these catalytic steps are only the culmination of a complex pathway that begins when recombinase subunits recognize and bind to their target sites as dimers. To form the tetramer-containing reaction intermediate, two dimer-bound sites are brought together by protein dimer-dimer interactions. During or after this initial synapsis step, the recombinase subunit and tetramer conformations change dramatically by repositioning of component subdomains, bringing about a transformation of the enzyme from an inactive to an active configuration. In natural serine recombinase systems, these steps are subject to elaborate regulatory mechanisms in order to ensure that cleavage and rejoining of DNA strands only happen when and where they should, but we and others have identified recombinase mutants that have lost dependence on this regulation, thus facilitating the study of the basic steps leading to catalysis. We describe how our studies on activated mutants of two serine recombinases, Tn3 resolvase and Sin, are providing us with insights into the structural changes that occur before catalysis of strand exchange, and how these steps in the reaction pathway are regulated.
Introduction
Regulation is a hallmark of the enzymes that synthesize, degrade and modify nucleic acid molecules. This is especially true for DNA-modifying enzymes, which have the potential to do irreversible damage to a cell's stores of heritable information if they are not kept under very strict control. In our studies of the structures and mechanisms of sitespecific recombinases, one of our main aims was to understand the multilayered regulatory systems that ensure that recombination (i.e. breaking, exchanging and rejoining DNA strands) mediated by these enzymes occurs only when and where there is a biological imperative for it.
Most of the well-characterized site-specific recombinases fall into one of two classes: the serine recombinases and the tyrosine recombinases [1] . The names of the two groups refer to the essential hydroxyl-bearing amino acid side chain that acts as a nucleophile, attacking a phosphodiester linkage of the DNA backbone to cleave a strand. The serine and tyrosine recombinases are structurally unrelated, and their mechanisms of action are quite distinct. Our research focuses on two members of the serine recombinase group: Tn3 resolvase and Sin. Both enzymes are resolvases; that is, their natural function is to split a large circular DNA molecule containing two recombination sites into two smaller Key words: DNA cleavage, serine recombinase, Sin, site-specific recombination, strand exchange, Tn3 resolvase. 1 To whom correspondence should be addressed (email Marshall.Stark@glasgow.ac.uk).
circles, each with one site [2] . Tn3 resolvase carries out this function in Gram-negative bacteria, to split the cointegrate intermediate of Tn3 replicative transposition into two plasmids, each containing one transposon copy [3] . Sin, encoded on a large multi-resistance plasmid of Staphylococcus aureus, is thought to reduce plasmid multimers (formed by homologous recombination) to monomers [4] .
The activity of both Tn3 resolvase and Sin is subject to rigorous regulation in order to ensure site specificity and recombination between functionally appropriate pairs of sites. The recombination sites acted upon by these enzymes have evolved to allow for this regulation. The bonds that are cut and rejoined are at the centre of one part of the full recombination site (called 'site I'), which binds a recombinase dimer. Site I is positioned adjacent to accessory binding sites for four further recombinase subunits (Tn3 res) or two further recombinase subunits and an 'architectural' HU-like DNA-bending protein (Sin resH) ( Figure 1A ) [1, 4] . The recombinase bound at site I promotes recombination by introducing transient double-strand breaks in the DNA at the centre of each site, then exchanging the ends and religating ( Figure 1B) . The currently favoured model for this process is known as subunit rotation [5, 6] , and involves a 180
• rotation of one side of the strand exchange intermediate relative to the other side (in the 'exchange' step in Figure 1B ). The protein subunits bound at the accessory sites play no direct role in the catalysis of strand exchange, but they are nevertheless essential in the wild-type systems. 'Switching on' recombinase activity requires the construction of an elaborate protein-DNA synapse structure in which the two sets of accessory sites are intertwined, but how this structure licenses catalytic activity is still quite mysterious (see below). By limiting catalytic activity to properly assembled synapses, the accessory sites define a specific orientation to the otherwise 2-fold symmetric site I, and restrict recombination to pairs of sites in the correct geometrical relationship (i.e. in head-totail orientation on the same supercoiled circular molecule). For a comprehensive review on recombinase structures, mechanisms and regulation (see [1] ).
Activated mutants of serine recombinases
To study the mechanism of catalysis by serine recombinases, it was desirable to obtain mutant enzymes that do not require the complex natural regulatory features. The first such mutants to be isolated were of the DNA invertases, Cin and Gin [7, 8] , but subsequently analogous 'activated' mutants of Tn3, γ δ and Sin resolvases have been obtained [9] [10] [11] [12] . Remarkably, a single mutation (of Sin) or just two mutations (of Tn3 resolvase) are sufficient to free the enzyme from dependence on the accessory sites. The selectivities imposed by the accessory sites have also been lost, and the activated mutants can promote recombination between any two copies of the dimer-binding site I, in either alignment relative to each other, with or without supercoiling, and whether or not they are in the same molecule; so, even two short site I-containing oligonucleotides can be recombined [13] .
How have the activating mutations brought about these changes in the properties of the recombinases? The details are still a subject of debate and research, but one striking difference between the wild-type enzymes and the activated mutants might give us a clue. Wild-type Tn3 resolvase and Sin bind to their cognate site I to form a dimer complex, but do not form synaptic complexes containing two sites, even at the exceptionally high concentrations found in (γ δ resolvase) protein-DNA co-crystals [14] . In contrast, the activated mutants readily form a synaptic species ('site I synapse') containing a recombinase tetramer and two copies of site I, presumed to be formed by the interaction of two site I-dimer complexes [10, 12] . Structural analysis of site I synapses has shown that the two site I DNA molecules are on the outside of the complex, bound by the small C-terminal helix-turn-helix domains, and the tetramer is formed by interactions of the N-terminal 'catalytic' domains ( Figure 2 ) [6, 15, 16] . The structures and interactions of the catalytic domains in the activated mutant tetramer are substantially altered from those seen in the wild-type dimer (Figure 2) . The interface between the two subunits of the wild-type dimer is extensive and interdigitated; it is mainly formed by interactions involving residues in a long α-helix known as the E-helix, which precedes the C-terminal domain. These Figure 2 Crystal structures of resolvase-site I complexes (A) Left: crystal structure of a wild-type γ δ resolvase dimer bound to site I (PDB code 1GDT) [14] . The blue arrow points to the dimer interface. Right: crystal structure of a site I synapse intermediate (PDB code 1ZR4) [6] . The two copies of site I have double-strand breaks at their centres, and the subunits of the γ δ resolvase (activated mutant) tetramer are covalently linked to the DNA 5 -ends at the breaks (see Figure 1B) . The red arrow points to the flat hydrophobic interface referred to in the text. The images were created with PyMOL (DeLano Scientific; http://www.pymol.org). (B) The green monomers in (A) are shown along with the parts of the adjacent monomers [E-helix (long) and D-helix (short)] that are in contact with it. The structures are oriented so that the green E-helices are in approximately the same position, and are rotated relative to the views in (A).
E-helix interactions are with either the E-helix or other surfaces of the partner subunit. In contrast, reconfiguration of these interactions in the tetramer creates a previously unpredicted flat hydrophobic interface between two pairs of subunits. This interface is proposed to be mobile and to allow strand exchange to occur by a 180
• rotation of one-half of the cleaved complex relative to the other, as noted above. In all the crystal structures of site I synaptic intermediates to date [6, 16] , the DNA has already been cleaved by resolvase to produce the predicted central double-strand break, with a resolvase subunit covalently attached to each recessed 5 end by the side chain of its active-site serine residue ( Figure 1B) . However, a pre-cleavage synapse in solution had a structure quite similar to the cleaved synapses in the crystals, although its lower resolution did not permit comparison of the finer details [15] .
The site I synapse has so far been observed only with activated resolvase mutants, but it is hypothesized that a similar structure is formed before strand exchange by wildtype recombinases, strictly in the presence of the natural regulatory apparatus. Control over assembly of the site I synapse could be a key regulatory feature of the wildtype systems. We do not understand as yet how the proteins bound at the synapsed res/resH accessory sites act to transform a pair of inactive site I-recombinase dimer complexes into a catalytically active synaptic intermediate with substantially altered protein subunit conformation. Also we do not fully understand how the activating mutations free catalysis from regulation by the accessory functions. One can envisage two conceptual pathways leading from the inactive dimer complexes to the catalytically active site I synapse ( Figure 3A) . One possibility is that the two recombinase dimers come together in the 'wild-type' conformation to form an early synaptic complex, and the recombinase tetramer is subsequently remodelled into the conformation seen in the crystal structures (e.g. as illustrated by the supplementary movie of Li et al. [6] ). Alternatively, the conformation of the dimers might be remodelled before synapsis [12] . At present, we cannot come to a decisive view on which pathway operates, and it is possible that the reality is somewhere in between, and/or that different recombinases and mutants can vary in their behaviour.
It has long been inferred that an interface seen in crystal structures of γ δ resolvase without DNA (the 2-3 interface) [17, 18] plays an essential role in converting two inactive site I-bound dimers into a catalytically proficient synaptic tetramer, via contacts with resolvase subunits bound at the res accessory sites [19, 20] . A screen for certain types of mutations that affect Sin recombination activity identified a corresponding role for an analogous '52/54' interface, which was also observed in a crystal structure of Sin bound to accessory site DNA [12, 21] . In a model of the entire wild-type Sin synaptic complex, built using available crystal structures of the component parts [21] , the Sin subunits at the accessory sites contact the subunits in the tetramer bound to site I via this 52/54 interface. It is possible that these contacts help to bring about an allosteric change in the structure of the precatalytic tetramer [12] . Alternatively, they might act simply to juxtapose the dimers bound at site I so as to favour tetramer formation by 'extreme mass action', i.e. creating an exceptionally high effective local concentration of the dimers [22] .
Multiple forms of the site I synapse
Although site I synapses (two copies of site I held together by a resolvase tetramer) are only observed as stable entities when the resolvase has activating mutations, these complexes can still provide us with a great deal of information on the choreography of the steps leading up to catalysis of strand cleavage, exchange and re-ligation in the wild-type systems. It is already evident from published work that multiple forms of the site I synapse can be observed. All the current site I synapse crystal structures have doublestrand breaks in each copy of site I, with the resolvase active-site serine residue attached to the 5 phosphate of each end (see above). The cleavage steps of the reaction have therefore already taken place, and it is evident that subsequent conformational changes have also occurred, as the cleaved DNA ends are quite distant (approx. 13 Å ; 1 Å = 0.1 nm) from each other, and some of the residues implicated in catalysis are not in appropriate positions with respect to the DNA. However, synaptic complexes containing uncleaved DNA have been observed by gel electrophoresis [10, 12, 13] and in solution [15] . As noted above, the solution structure data indicate that the architecture of the uncleaved site I synapse is broadly similar to that of the cleaved complexes seen by crystallography. Electrophoresis experiments show that site I synapses are formed very quickly (within seconds) upon the addition of activated mutant resolvase to site I DNA, but that the cleavage steps can be much slower [13] . The character of the slow steps after initial synapsis is still unclear; one possibility is that protein conformational changes must take place before the catalysis of strand cleavage.
Recent experiments in our laboratory with Tn3 resolvase and Sin activated mutants have yielded further insights into the events following site I synapsis. When site I is positioned asymmetrically within the DNA fragment being used in the assay, two forms of the site I synapse can be observed by their different electrophoretic mobilities, which can be regarded as being isomers with 'parallel' or 'antiparallel' alignment of the sites ( [12] , and M.R. Boocock, unpublished work) ( Figure 3B ). Furthermore, different versions of these complexes can be seen at early and later stages of the reaction, containing either uncleaved or substantial amounts of cleaved DNA respectively. Analysis of the products indicates that the complexes seen on the gels at later time points are undergoing rapid recombination on the timescale of the electrophoresis experiment. If we define 'parallel' and 'antiparallel' in the context of the subunit rotation model for strand exchange, recombination in the complex with the sites in 'parallel' alignment does not result in a detectable fragment length change, whereas recombination of the 'antiparallel' complex does ( Figure 3B) ; so we can assign the complexes in the bands on the gel as being functionally parallel or antiparallel, even though their actual three-dimensional structure is unknown. These results tell us that the synaptic alignment of the sites established before catalysis persists until recombination is complete.
Roles of recombinase residues in synapsis
Alignment of the amino acid sequences of members of the serine recombinase family reveals a number of highly conserved charged or polar residues that might have roles in catalysis. Recently, we published a study in which each of 15 of these residues was mutated in the context of an activated Tn3 resolvase mutant, and the effects on binding, synapsis, DNA cleavage and recombination were determined [23] . Mutations of any of the selected residues significantly reduced reaction rates, but some caused very striking rate reductions (∼ 10 3 or more), and it was concluded that six of the residues have essential roles in catalysis. Mutations of several of the conserved residues also had substantial effects (positive or negative) on the stability of the site I synapse as detected by gel electrophoresis. Apparently, the side chains of some residues with catalytic functions are also important for stabilizing the synaptic intermediate, presumably by making energetically favourable interactions with the site I DNA [24] .
In a more direct approach to find residues and surfaces that participate in synapsis, we have devised a method to allow Sin resolvase mutant libraries to be screened in Escherichia coli for mutations that enhance the stability of the pre-cleavage (Sin) site I synapse (S.-J. Rowland, unpublished work). We already knew that wild-type Sin does not support the formation of stable site I synapses whereas activated Sin mutants do, and so it was not too surprising that our screen identified mutations known to cause an activated phenotype. However, it was much more surprising that mutants containing a deletion of much of the N-terminal part of the protein were also recovered. We deduced that a C-terminal fragment of the enzyme, comprising the long E-helix that contributes to the dimer interface followed by the small helix-turn-helix DNA-binding domain, is proficient at synapsis even in the absence of the N-terminal 'core' catalytic domain (Figure 4 ). We call these truncated proteins 'tadpoles'. A Sin tadpole was purified and shown to promote synapsis in vitro, as predicted from the results in E. coli (S.-J. Rowland and M.R. Boocock, unpublished work). Our results suggest that the site I synapse may be built around a core unit formed by interaction of the E-helices from the four subunits of the tetramer (Figure 4) , and the N-terminal 'core' catalytic domain of the recombinase may be inhibitory for synapsis, perhaps by occluding the surfaces on the E-helices that are involved in the synaptic interactions. One effect of activating mutations might therefore be to weaken these inhibitory interactions of the core domain [12] .
Conclusions
We still have much to learn about how serine recombinases such as Tn3 and Sin resolvases achieve the amazing levels of specificity evident in the natural systems. Activated (or 'de-regulated') resolvase mutants are helping us to analyse the molecular events leading to catalysis in much greater detail than before. An important challenge for the future is to pin down precisely how the wild-type systems promote or inhibit specific steps in the reaction pathway in order to impose regulation.
